-Oxygen toxicity is one of the major risk factors in the development of the chronic lung disease or bronchopulmonary dysplasia in premature infants. Using proteomic analysis, we discovered that mitochondrial aldehyde dehydrogenase (mtALDH or ALDH2) was downregulated in neonatal rat lung after hyperoxic exposure. To study the role of mtALDH in hyperoxic lung injury, we overexpressed mtALDH in human lung epithelial cells (A549) and found that mtALDH significantly reduced hyperoxiainduced cell death. Compared with control cells (Neo-A549), the necrotic cell death in mtALDH-overexpressing cells (mtALDH-A549) decreased from 25.3 to 6.5%, 50.5 to 9.1%, and 52.4 to 15.1% after 24-, 48-, and 72-h hyperoxic exposure, respectively. The levels of intracellular and mitochondria-derived reactive oxygen species (ROS) in mtALDH-A549 cells after hyperoxic exposure were significantly lowered compared with Neo-A549 cells. mtALDH overexpression significantly stimulated extracellular signal-regulated kinase (ERK) phosphorylation under normoxic and hyperoxic conditions. Inhibition of ERK phosphorylation partially eliminated the protective effect of mtALDH in hyperoxia-induced cell death, suggesting ERK activation by mtALDH conferred cellular resistance to hyperoxia. mtALDH overexpression augmented Akt phosphorylation and maintained the total Akt level in mtALDH-A549 cells under normoxic and hyperoxic conditions. Inhibition of phosphatidylinositol 3-kinase (PI3K) activation by LY294002 in mtALDH-A549 cells significantly increased necrotic cell death after hyperoxic exposure, indicating that PI3K-Akt activation by mtALDH played an important role in cell survival after hyperoxia. Taken together, these data demonstrate that mtALDH overexpression attenuates hyperoxia-induced cell death in lung epithelial cells through reduction of ROS, activation of ERK/ MAPK, and PI3K-Akt cell survival signaling pathways. extracellular signal-regulated kinase; mitogen-activated protein kinase; phosphatidylinositol 3-kinase-Akt
impaired gas exchange and pulmonary edema (5, 8) . Currently, there are no safe and known effective adjunctive treatments to be administered with supplemental oxygen to ameliorate or prevent oxygen-induced epithelial cell injury.
Reactive oxygen species (ROS) generated during supplemental oxygen therapy are extremely cytotoxic, and they have the ability to interact with and alter essential cell components, including proteins, lipids, carbohydrates, and DNA (15, 36) . Decreased antioxidant capacity of lung tissue during hyperoxia may contribute to the lung injury (14, 37) . Thus the elimination of excess ROS generation, either by blocking ROS formation or increasing antioxidant production, should result in reduced cellular oxidative injury with ultimate protection of cells from hyperoxia-induced cell death (3, 11) .
Hyperoxia induces both apoptotic (6, 12) and nonapoptotic cell death in pulmonary epithelial cells (13, 26) . Cell death is thought to be the major contributing factor in the development of acute or chronic lung injury after oxygen therapy. Apoptosis is a tightly regulated process. Hyperoxia induces apoptotic cell death in lung epithelial cells by activation of both intrinsic and extrinsic apoptosis pathways (23, 32) . Nonapoptotic cell death, including necrosis and oncosis, is characterized by cell and organelle swelling, vacuolization, and increased membrane permeability (18, 21, 40) . Hyperoxia primarily induces necrotic cell death in cultured A549 cells, a pulmonary type II epithelial cell line derived from human lung adenocarcinoma. A small portion of cell death is due to apoptosis in cultured A549 cells after hyperoxia. Two cell survival signaling pathways, extracellular signal-regulated kinase/mitogen-activated protein kinase (ERK/MAPK) and phosphatidylinositol 3-kinase-Akt (PI3K-Akt), are implicated in the survival of pulmonary epithelial cells after hyperoxic exposure. Hyperoxia activates the ERK/MAPK pathway and suppresses the PI3K-Akt pathway in lung epithelial cells (7, 10, 20, 35, 39) . Increased ERK activation or constitutive expression of the active form of Akt delays hyperoxia-induced cell death and increases animal survival after prolonged hyperoxic exposure (7, 20) .
Mitochondria are the major source of ROS production under normoxic or hyperoxic conditions (4) . Mitochondrial aldehyde dehydrogenase (mtALDH or ALDH2) is a nuclear-encoded mitochondrial enzyme that is localized in mitochondrial matrix (25) . The role of mtALDH in lung epithelial cells during oxidative stress or hyperoxia is not known. In this study, we found that mtALDH was downregulated in the neonatal rat lung after hyperoxic exposure, using proteomic analysis. mtALDH overexpression in lung epithelial cells activated both ERK/MAPK and PI3K-Akt signaling pathways and protected lung epithelial cells from hyperoxia-induced cell death.
EXPERIMENTAL PROCEDURES
Oxygen exposures. Animal use was approved by the Institutional Animal Care and Use Committee of the University of MissouriKansas City. Newborn rats at 4 days of age were randomly divided into two groups, room air (normoxia) and oxygen (hyperoxia) exposure groups, according to our previously published procedure (34) . The animals were housed in regular rat cages placed into Lucite chambers. The newborn rats in the chambers breathed either room air or humidified 95% oxygen. Oxygen concentration was monitored continuously with an oxygen analyzer. Dams were given food and water ad libitum, kept on a 12:12-h on-off light cycle, and fostered by rotating in and out of the chamber every 24 h to avoid oxygen toxicity. At the designated exposure time points, the animals from both treatment groups were killed by exsanguination after receiving intraperitoneal pentobarbital for anesthesia. Lung tissues from each group were collected, minced, and stored in liquid nitrogen for protein extraction.
Two-dimensional gel electrophoresis and protein identification. Protein was extracted from neonatal rat lungs treated with room air or 95% oxygen. Equal amounts (200 g) of proteins were resuspended in 200 l of rehydration buffer containing 8 M urea, 2% CHAPS, 0.5% IPG buffer, and 0.002% bromophenol blue for isoelectric focusing electrophoresis (IEF). IEF was carried out with the IPGphor system from Amersham Bioscience (Piscataway, NJ). Immobiline gel strips (11 cm, pH 3-7; Amersham Bioscience) were rehydrated with resuspended samples in rehydration buffer at 30 V, 20°C, for 12 h (rehydration loading). The gels were run according to the following protocol: 200 V, 1 h; 500 V, 1 h; 1,000 V, 1 h; 3,000 V, 1 h; gradient from 3,000 to 8,000 V for 3 h; and 8,000 V, 3 h. After IEF, Immobiline gel strips were equilibrated in buffer containing 50 mM Tris ⅐ HCl (pH 6.8), 30% glycerol, 6 M urea, 2% SDS, and 1% DTT for 15 min at room temperature before being loaded onto SDS-PAGE (8 -16%) and sealed with 0.5% agarose gel in 1ϫ Tris-glycine-SDS running buffer with 0.002% bromophenol blue. The electrophoresis was run at 50 mA per gel for approximately 2 h. Gels were stained with Bio-Safe Coomassie Satin kit from Bio-Rad Laboratory (Hercules, CA) according to the manufacturer's protocol. Protein spots on the gels were excised manually in ultra-clean conditions to minimize contamination during gel handling. The gel pieces were destained, and residual SDS was removed using a solution of acetonitrile and 25 mM ammonium bicarbonate. The gel pieces were then dehydrated with acetonitrile and dried in a vacuum centrifuge. They were hydrated with sequencing-grade modified trypsin and incubated overnight at 37°C. The resulting peptides were extracted out of the gel pieces using a solution of 50% acetonitrile and 5% trifluor-acetic acid (TFA). Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) analysis was performed on an Applied Biosystems Voyager DE-STR mass spectrometer. Samples were spotted onto MALDI plates using an Applied Biosystems SymBiot Sample Workstation. Protein database search was performed using the accurate molecular weight data provided in the peptide mass map. Peptide masses obtained by MALDI-TOF were entered into Swiss-Prot and NCBInr protein databases. Protein Prospector program was used to search for protein candidates.
Plasmid construction and transfection. For human mtALDH plasmid construction, full-length human mtALDH cDNA without stop codon was amplified from human lung cDNA library (Clontech, Mountain View, CA) by RT-PCR using the following primers: sense, ATGTTGCGCGCTGCCGCCCGCTTC; antisense, TGAGTTCT-TCTGAGGCACGAC. The resulting human mtALDH cDNA was subcloned into plasmid vector pcDNA3.1 (Invitrogen, Carlsbad, CA).
The mtALDH sequence was confirmed by direct nucleotide sequencing. mtALDH-pcDNA3 and empty pcDNA3.1 plasmids were transfected into A549 cells using LipofectAMINE (Invitrogen). The transfected cells were then selected by G418 sulfate at 500 g/ml for 10 days. Single clone was selected by limited dilution, and mtALDH protein expression was confirmed by Western blotting with anti-V5 antibody (Invitrogen).
Cell culture and cell treatment. A549 cells were purchased from American Type Culture Collection (Manassas, VA) and grown in DMEM containing 10% fetal bovine serum, 50 g/ml penicillin, and 50 g/ml streptomycin in 5% CO 2 at 37°C. Normoxic exposure of the cells was conducted under room air and 5% CO 2 in a humidified cell culture incubator at 37°C. Hyperoxic exposure of the cells was conducted in a humidified chamber (Billups and Rothenberg, Del Mar, CA), and the chamber was flushed with 95% O2-5% CO2 (hyperoxia) at a flow rate of 10 l/min for 15 min before incubation at 37°C. In U0126 and LY294002 pretreatment experiments, cells were treated with or without 10 M U0216 or LY294002 for 30 min before normoxic or hyperoxic exposure.
Immunofluorescent staining. Cells were cultured on coverslips and fixed with 1% fresh paraformaldehyde in PBS for 15 min. The fixed cells were washed with PBS and permeabilized in 0.2% Triton X-100 in PBS for 5 min. The permeabilized cells were blocked with 1% BSA in PBS for 30 min and stained with anti-V5-FITC antibody (Invitrogen) for 1 h. After the staining, the coverslips were washed, mounted in mounting medium, and viewed under florescent microscope.
Western blotting analysis. Antibodies were purchased from Cell Signaling Technology (Beverly, MA), and they were used according to the manufacturer's instructions. Cultured cells after treatment were washed with cold PBS three times, and then 300 l of sample lysis buffer [62.5 mM Tris ⅐ HCl, pH 6.8, 2% (wt/vol) SDS, 10% glycerol, 200 mM DTT, and protease cocktails] were added to each plate. Cell lysates were centrifuged at 12,000 g for 10 min. The supernatants were saved for analysis. Protein concentration was determined by bicinchoninic acid (BCA) protein assay kit (Sigma, St. Louis, MO). Samples containing 50 g of protein in loading sample buffer were boiled for 5 min and loaded on 12% Tris-glycine SDS-PAGE gels. Gels were run at 120 V for ϳ2 h and transferred overnight at 20 V to nitrocellulose membranes. Membranes were incubated with the blocking buffer containing 5% nonfat milk in PBST (0.1% Tween-20 in PBS) for 1 h, washed with PBST, and incubated overnight with the primary antibody against either phosphorylated ERK or phosphorylated Akt (Ser-473). The membranes were washed in PBST, and proteins were visualized using horseradish peroxidase (HRP)-conjugated anti-rabbit IgG and enhanced chemiluminescence (Amersham Bioscience). The membranes were stripped using a standard stripping solution (62.5 mM Tris ⅐ HCl, pH 6.8, 2% SDS, and 100 mM ␤-mercaptoethanol) at 50°C and reprobed with nonphosphorylated ERK, nonphosphorylated Akt and ␤-actin antibodies. Phosphorylated ERK and phosphorylated Akt protein band intensities on autoradiogram were analyzed with Image-Quant (Molecular Dynamics, Sunnyvale, CA) and normalized by nonphosphorylated ERK, nonphosphorylated Akt or ␤-actin in the same sample, respectively. mtALDH activity assay. mtALDH activity was measured as described previously (9) . Neo-A549 and mtALDH-overexpressing (mtALDH-A549) cells cultured on plates were collected in a buffer of 50 mM Tris ⅐ HCl, pH 8.5. Resuspended cells were sonicated at setting 4 for 5 s by VirSonic sonicator from VirTis (Gardiner, NY). The cell homogenates were centrifuged at 12,000 g for 10 min. The supernatants were saved, and protein concentration was determined. Mitochondria were isolated from cultured cells using an mitochondria isolation kit from Pierce (Rockford, IL). The enzyme activity assay was carried out in 100 l of 50 mM Tris ⅐ HCl, pH 8.5, containing 50 g of prepared protein, 15 M propionaldehyde, 1 mM NAD, and 1 mM 4-methylpyrazole. ALDH activity was determined by spectrometer for NADH formation at 340 nm.
Analysis of necrotic cell death (cell viability measurement and cytotoxicity assay).
After exposure to normoxic or hyperoxic conditions, nonadherent and trypsinized adherent cells were collected by centrifugation. Both nonadherent and adherent cells were subsequently subjected to staining with Trypan blue exclusion (0.2%) for viability within 5 min. Cell suspension from each sample was prepared using a 0.4% Trypan blue solution in 1:1 dilution. Cells were then loaded onto the counting chambers of a hemocytometer. The number of stained cells and total number of cells were counted at least twice. Cell death was determined by the percentage of stained cells to total cells. Lactate dehydrogenase (LDH) assay kit was from Biovision (Mountain View, CA), and LDH activity was measured per the manufacturer's instruction. Briefly, cells were incubated in an incubator (5% CO 2, 37°C) for the appropriate time of treatment. The cultured media were collected and saved. Adherent cells were washed with PBS and lysed with 1% Triton in 50 mM Tris ⅐ HCl, pH 7.5. Both cell cultured media and cell lysates (100 l/well) were carefully transferred into the corresponding wells of a 96-well plate. Reaction mixture (100 l) was then added to each well and incubated for 30 min at room temperature. The absorbance of all samples at 490 nm was measured using a microplate reader. The cytotoxicity was determined by the percentage of LDH activity in cultured medium over combined LDH activities of the cultured medium and cell lysate.
Analysis of apoptotic cells. Apoptosis detection kit was from R&D Systems (Minneapolis, MN). Treated cells were trypsinized and collected by centrifugation at 500 g for 5 min. Cells were washed with cold PBS once and resuspended in 100 l of binding buffer containing 10 mM HEPES, pH 7.4, 150 mM NaCl, 5 mM KCl, 1 mM MgCl 2, and 1.8 mM CaCl2. Cells were stained with Annexin V-FITC (0.025 g/sample) for 15 min according to the manufacturer's instruction. The stained cells were subjected to flow cytometry analysis.
Assessment of intracellular and mitochondrial ROS levels. After normoxic or hyperoxic treatment, cultured cells were stained with 10 M 2Ј,7Ј-dichlorodihydrofluorescein diacetate, succinimidyl ester (OxyBURST Green H2DCFDA, SE; Molecular Probes), for 10 min. The stained cells were washed three times with PBS and then trypsinized with 0.025% trypsin-0.05% EDTA. The resuspended cells were subjected to fluorescent intensity measurement by flow cytometry. For mitochondria-derived ROS measurement, cells were incubated with 10 M dihydrorhodamine-123 (Molecular Probes) for 15 min. The stained cells were washed three times with PBS and then trypsinized with 0.025% trypsin-0.05% EDTA. The resuspended cells were subjected to rhodamine-123 fluorescent intensity measurement by flow cytometry.
Statistical analysis. The results are expressed as means Ϯ SE of data obtained from two or more experiments or, where appropriate, as means Ϯ SD. Statistical analysis was performed using Student's t-test for paired comparisons and ANOVA for multiple comparisons. A value of P Ͻ 0.05 was considered significant.
RESULTS
The protein extracts from neonatal rat lung tissue after normoxic or hyperoxic exposure were analyzed by two-dimensional gel electrophoresis (2-DE). Many protein spots were displayed on the gels from isoelectric point (pI) 3 to 7 (data not shown). Six unknown protein spots, one gel blank spot, and one positive control spot (serum albumin) were excised from the Coomassie blue-stained gels for protein identification. One of the unknown and downregulated protein spots (Fig. 1, A and B, circled) was identified as a nuclear-encoding mtALDH. mtALDH appeared as a discrete spot (pI ϭ 6.0, mol wt ϭ 56.0 kDa) on the gels of the normoxic group, and the same protein was not visible on the gels of the hyperoxic group (Fig. 1B) . mtALDH activities were measured in isolated mitochondria from cultured A549 lung type II epithelial cells treated with normoxia or hyperoxia for 3 days. The mtALDH activity in hyperoxia-treated A549 cells was decreased by ϳ40% compared with normoxia-treated A549 cells (n ϭ 3; Fig. 1C) .
To characterize the role of mtALDH in hyperoxic lung injury and cell death, we generated a stable cell line (mtALDH-A549) overexpressing human mtALDH-V5 fusion protein by transfecting pcDNA3-V5-human mtALDH plasmid into A549 lung type II epithelial cells. mtALDH overexpression was detected with an anti-V5 antibody by Western blotting in mtALDH-A549 cells, but not in control Neo-A549 cells, as shown in Fig. 2A . Immunofluorescent study of mtALDH-A549 cells with an anti-V5 antibody revealed a punctuate appearance in cytoplasm, which is consistent with mitochondrial distribution. No specific immunofluorescent staining was observed in the cytoplasm of Neo-A549 cells (Fig. 2B) . Total mtALDH activities were also assayed in Neo-A549 and mtALDH-A549 cells (Fig. 2C) . The total activity increased more than twofold in mtALDH-A549 cells compared with Neo-A549 cells (P Ͻ 0.01, n ϭ 6; Fig. 2D ). Apoptotic and necrotic cell death during hyperoxia is thought to be responsible for acute and chronic lung injury. We exposed cultured Neo-A549 and mtALDH-A549 cells under conditions of normoxia and hyperoxia and measured necrotic cell death by Trypan blue exclusion and cytotoxicity assays. After normoxic exposure for up to 72 h, necrotic cell death between Neo-A549 and mtALDH-A549 cells was similar and ranged from 2.8 to 4.5% in Trypan blue exclusion assay (Fig.  3A) and from 0 to 1.7% in LDH cytotoxicity assay (Fig. 3B) . Hyperoxia caused significantly necrotic cell death in Neo-A549 cells. The dead cells could be found in both nonadherent and adherent cells in Trypan blue exclusion assay. Compared with cells under normoxic condition, the percentage of necrotic cell death under hyperoxic condition increased to 25.3% from 4.5% (24 h), to 50.5% from 3.7% (48 h), and to 52.4% from 4.5% (72 h) (P Ͻ 0.001, n ϭ 6; Fig. 3A) . In cytotoxicity assay, the percentage of cytotoxicity in Neo-A549 cells increased to 4.6% from 0%, to 10.3% from 0%, and to 24.8% from 1.7% after 24-, 48-, and 72-h hyperoxic exposure, respectively, compared with the cells exposed to normoxia (P Ͻ 0.001, n ϭ 6; Fig. 3B ). The apoptotic cell death after 48-h normoxic or hyperoxic exposure was analyzed by Annexin V staining and flow cytometry (Fig. 3C) . The percentage of Annexin Vpositive cells was significantly higher in hyperoxia-treated Neo-A549 cells (0.84%) than in normoxia-treated Neo-A549 cells (0.41%; P Ͻ 0.01, n ϭ 6).
When mtALDH-A549 cells were treated with the same hyperoxic condition, the percentage of hyperoxia-induced necrotic cell death in mtALDH-A549 cells was significantly lowered compared with Neo-A549 cells in Trypan blue exclusion assay (Fig. 3A) . The necrotic cell death decreased to 6.5% in mtALDH-A549 cells from 25.3% in Neo-A549 cells (P Ͻ 0.001, n ϭ 6), to 9.1% from 50.5% (P Ͻ 0.001, n ϭ 6), and to 15.1% from 52.4% (P Ͻ 0.001, n ϭ 6) after 24-, 48-, and 72-h hyperoxic exposure, respectively. The percentage of necrotic cell death in cytotoxicity assay after hyperoxic exposure in mtALDH-A549 was also significantly decreased compared with Neo-A549 cells (Fig. 3B) . The necrotic cell death was decreased to 0% in mtALDH-A549 cells from 4.7% in Neo-A549 cells after 24 h (P Ͻ 0.001, n ϭ 6), to 1.7% from 10.3% after 48 h (P Ͻ 0.001, n ϭ 6), and to 7.6% from 24.8% after 72 h (P Ͻ 0.001, n ϭ 6). The percentage of apoptotic cell death assayed by Annexin V staining significantly fell to 0.48% in mtALDH-A549 cells from 0.84% in Neo-A549 cells after 48-h hyperoxic treatment (P Ͻ 0.001, n ϭ 6; Fig. 3C ). We did not observe alterations of DNA fragmentation, cytochrome c release, or caspase-3 and -9 activation after normoxic or hyperoxic treatment in cultured Neo-A549 or mtALDH-A549 cells (data not shown).
Intracellular ROS levels were measured by flow cytometry after the cultured cells were stained with H 2 DCFDA (Fig. 4A) . The intracellular ROS levels were similar in Neo-A549 and mtALDH-A549 cells under normoxic condition. After 24-h hyperoxic exposure, the intracellular ROS level in Neo-A549 cells increased approximately threefold compared with the cells exposed to normoxia (P Ͻ 0.001, n ϭ 6). However, the intracellular ROS level in mtALDH-A549 increased only approximately twofold compared with Neo-A549 cells after 24-h hyperoxia treatment. The intracellular ROS level in mtALDH-A549 cells was significantly decreased compared with Neo-A549 cells (P Ͻ 0.001, n ϭ 6). Mitochondria-derived ROS 
. mtALDH overexpression in human lung epithelial cells (A549). A:
overexpressed human mtALDH was measured by Western blotting analysis in Neo-A549 and mtALDH-A549 cells using a monoclonal antibody against V5 tag. B: overexpressed human mtALDH was localized in the mitochondria. Immunofluorescent staining was performed using a V5-FITC antibody. C: a representative mtALDH activity assay was performed in a linear range. OD, optical density. D: total mtALDH activities were measured in Neo-A549 and mtALDH-A549 cell lines. *P Ͻ 0.001, n ϭ 6, vs. Neo-A549 cell line. level was measured by flow cytometry after the cells were stained with dihydrorhodamine-123 (Fig. 4B) . The mitochondrial ROS levels in Neo-A549 and mtALDH-A549 cells were similar under the normoxic condition. The mitochondrial ROS level in Neo-A549 cells after 24-h hyperoxic exposure increased approximately twofold compared with the cells exposed to normoxia (P Ͻ 0.001, n ϭ 6). The mitochondrial ROS level in mtALDH-A549 cells also was elevated compared with cells under the hyperoxic condition, but its level was significantly decreased compared with Neo-A549 cells (P Ͻ 0.001, n ϭ 6).
Western blotting analysis showed that both mtALDH and hyperoxia stimulated ERK phosphorylation. ERK activation was detected in mtALDH-A549 cells after 0-, 24-, 48-, and 72-h hyperoxic exposure and in Neo-A549 cells after 48-and 72-h hyperoxic exposure (Fig. 5A) . Under the 48-h normoxic condition, phosphorylated ERK in Neo-A549 cells was expressed at a very low level. However, mtALDH stimulated ERK phosphorylation in mtALDH-A549 cells under the same normoxic condition. A sevenfold increase in mtALDH-A549 cells was detected compared with Neo-A549 cells (Fig. 5, B and C). Hyperoxia also stimulated ERK phosphorylation in Neo-A549 cells. A sixfold increase was observed after 48-h hyperoxic exposure. The ERK phosphorylation after 48-h hyperoxic exposure in mtALDH-A549 cells was maintained at a high level, similar to the level before hyperoxic exposure (Fig.  5, B and C) . 3 . The cytoprotective effect of mtALDH on hyperoxia-induced cell death. A: necrotic cell death was determined by Trypan blue exclusion assay in both nonadherent and adherent cells. *P Ͻ 0.001, n ϭ 6, vs. Neo-A549 cells under normoxic condition. #P Ͻ 0.001, n ϭ 6, vs. Neo-A549 cells under hyperoxic condition. B: cytotoxicity assay by lactate dehydrogenase (LDH) release measurement. Cytotoxicity is presented as the percentage of LDH activity in cultured medium relative to combined LDH activities from both cultured medium and cell lysate. *P Ͻ 0.001, n ϭ 6, vs. Neo-A549 cells under normoxic condition. #P Ͻ 0.001, n ϭ 6, vs. Neo-A549 cells under hyperoxic condition. C: apoptotic cell death was determined by Annexin V-FITC staining and flow cytometry analysis after 48-h normoxic or hyperoxic exposure. *P Ͻ 0.01, n ϭ 6, vs. Neo-A549 cells under normoxic condition. #P Ͻ 0.01, n ϭ 6, vs. Neo-A549 cells under hyperoxic condition. Fig. 4 . mtALDH overexpression lowers intracellular and mitochondria-derived reactive oxygen species (ROS) production induced by hyperoxia. A: intracellular ROS levels were measured by flow cytometry using 2Ј,7Ј-dichlorodihydrofluorescein diacetate, succinimidyl ester (OxyBURST Green H2DCFDA, SE), after Neo-A549 and mtALDH-A549 cells were exposed to normoxia (room air and 5% CO2) or hyperoxia (95% O2 and 5% CO2) for 24 h. B: mitochondria-derived ROS levels were measured by flow cytometry using dihydrorhodamine-123 (DHR 123) after Neo-A549 and mtALDH-A549 cells were exposed to normoxia (room air and 5% CO2) or hyperoxia (95% O2 and %5 CO2) for 24 h.
Next, we pretreated Neo-A549 and mtALDH-A549 cells with or without 10 M U0126, an upstream kinase (MEK1/2) inhibitor, and measured the necrotic cell death by Trypan blue exclusion and cytotoxicity assays after 48-h normoxic or hyperoxic exposure. The U0126 pretreatment increased the necrotic cell death in Neo-A549 and mtALDH-A549 cells after 48-h normoxic or hyperoxic treatments. The necrotic cell death measured by Trypan blue exclusion assay in Neo-A549 cells after U0126 pretreatment significantly increased to 12.6% from 4.6% under the normoxic condition (P Ͻ 0.001, n ϭ 6; Fig.  6A ) and to 44.5% from 34.7% under the hyperoxic condition (P Ͻ 0.001, n ϭ 6; Fig. 6A ). In LDH cytotoxicity assay, the necrotic cell death in Neo-A549 cells after U0126 pretreatment increased to 14.1% from 11.2% under the hyperoxic condition (P Ͻ 0.05, n ϭ 6; Fig. 6B ). The necrotic cell death measured by Trypan blue exclusion assay in mtALDH-A549 cells after U0126 pretreatment increased to 11.6% from 4.7% under the normoxic condition (P Ͻ 0.001, n ϭ 6; Fig. 6A ) and to 26.0% from 9.3% under the hyperoxic condition (P Ͻ 0.001, n ϭ 6; Fig. 6A ). In LDH cytotoxicity assay, the necrotic cell death in mtALDH-A549 cells after U0126 pretreatment increased to 9.4% from 4.3% under the hyperoxic condition (P Ͻ 0.01, n ϭ 6; Fig. 6B ). The necrotic cell death after hyperoxic exposure in U0126-pretreated mtALDH-A549 cells was significantly lower than that in U0126-pretreated Neo-A549 cells (P Ͻ 0.001, n ϭ 6; Fig. 6, A and B) .
We also analyzed PI3K-Akt activation in Neo-A549 and mtALDH-A549 cells by Western blotting. Under the normoxic condition, mtALDH stimulated Akt phosphorylation. The phosphorylated Akt was twofold higher in mtALDH-A549 cells than in Neo-A549 cells during the first 24-h culture under normoxic condition (Fig. 7, A and B) . The total Akt levels in Neo-A549 and mtALDH-A549 cells were not significantly changed under normoxic condition (Fig. 7, A and C) . Under the hyperoxic condition, phosphorylated Akt was slightly increased (Fig. 7D) , and total Akt level was not significantly altered ( Fig. 7E ) in Neo-A549 cells. However, Akt phosphorylation was approximately two to three times higher in mtALDH-A549 cells than in Neo-A549 cells during 0-, 24-, and 48-h hyperoxic exposure (Fig. 7D) . Before hyperoxic treatment (0 h), total Akt was increased ϳ1.8-fold in mtALDH-A549 cells compared with Neo-A549 cells. The total Akt was not significantly altered in Neo-A549 and mtALDH-A549 cells during 24-, 48-, and 72-h hyperoxic exposure (Fig.  7, E and F) .
Next, we pretreated Neo-A549 and mtALDH-A549 cells with or without 10 M LY294002, a PI3K inhibitor, to inactivate PI3K. We measured necrotic cell death by Trypan blue exclusion and cytotoxicity assays after 48-h normoxic or hyperoxic exposure. The LY294002 pretreatment increased the necrotic cell death in Neo-A549 and mtALDH-A549 cells after 48-h normoxic or hyperoxic treatment. The necrotic cell death measured by Trypan blue exclusion assay in LY294002-pretreated Neo-A549 cells significantly increased to 9.0% from 4.2% under normoxic condition (P Ͻ 0.05, n ϭ 6; Fig. 8A ) and to 86.6% from 36.7% under hyperoxic condition (P Ͻ 0.001, n ϭ 6; Fig. 8A ). In LDH cytotoxicity assay, the necrotic cell death in LY294002-pretreated Neo-A549 cells increased to 10.4% from 0.7% under normoxic condition (P Ͻ 0.001, n ϭ 6; Fig. 8B ) and to 92.4% from 46.9% under hyperoxic condition (P Ͻ 0.001, n ϭ 6; Fig. 8B ). The necrotic cell death measured by Trypan blue exclusion assay in LY294002-pretreated mtALDH-A549 cells increased to 4.3% from 2.3% under normoxic condition [not significant (n.s.), n ϭ 6; Fig.  8A ] and to 28.0% from 18.7% under hyperoxic condition (P Ͻ 0.05, n ϭ 6; Fig. 8A ). In LDH cytotoxicity assay, the necrotic cell death in LY294002-pretreated mtALDH-A549 cells increased to 8.9% from 2.5% under normoxic condition (n.s., n ϭ 6; Fig. 8B ) and to 64.4% from 33.9% under hyperoxic condition (P Ͻ 0.001, n ϭ 6; Fig. 8B ). The necrotic cell death in LY294002-pretreated mtALDH-A549 cells after hyperoxic exposure was significantly lower than in LY294002-pretreated Neo-A549 cells (P Ͻ 0.001, n ϭ 6; Fig. 8, A and B) .
DISCUSSION
In the present study, we demonstrated that hyperoxia downregulated mtALDH in the neonatal rat lung. In cultured lung epithelial cells, hyperoxia induced both apoptotic and nonapoptotic cell death. mtALDH overexpression in lung epithelial cells conferred cellular resistance to hyperoxia and significantly attenuated hyperoxia-induced cell death. The ROS production in cultured lung epithelial cells was elevated after hyperoxic exposure. Overexpression of mtALDH decreased intracellular and mitochondria-derived ROS production, indicating that mtALDH might have antioxidant and cytoprotective effects. mtALDH expression significantly stimulated ERK/ MAPK and PI3K-Akt activation under normoxic and hyperoxic conditions. Inhibition of ERK/MAPK and PI3K-Akt activation eliminated cytoprotective effects of mtALDH, suggesting that mtALDH might activate ERK/MAPK and PI3K-Akt signaling pathways, which in turn could exert a cytoprotective role in cell survival during hyperoxia.
mtALDH is a nuclear-encoding mitochondrial protein, localized in the mitochondrial matrix. mtALDH is a reductase of acetaldehyde and converts acetaldehyde to acetic acid (25) . It has been reported previously that deficiency of mtALDH increases cell susceptibility to oxidative stress, and it also increases the risks in the development of Alzheimer's disease (23, 24) . Overexpression of mtALDH may detoxify acetaldehyde and prevent acetaldehyde-induced cell injury in human umbilical vein endothelial cells (19) . mtALDH is expressed in lung (44) , but its role in lung injury is not clear. Our proteomic analysis revealed that mtALDH was downregulated in the neonatal rat lungs after hyperoxic exposure. This finding indicates that mtALDH may be implicated in oxidative stress and cell death in hyperoxic lung injury.
Lung injury due to supplemental oxygen therapy is characterized by extensive pulmonary cell death (3, 5, 8) . Hyperoxia induces lung epithelial cell death by activating apoptotic and nonapoptotic cell death pathways. Apoptosis in lung epithelial cells induced by hyperoxia is a highly regulated process. Hyperoxia can trigger either death receptor or mitochondriamediated apoptosis pathway. For instance, hyperoxia induces apoptosis in lung epithelial cells via activation of Fas/FasL (12) , increases of cytochrome c release from mitochondria (27) , or activation of caspases (6) . In cultured human lung type II epithelial cell line (A549), hyperoxia primarily induces necrotic cell death, although a small percentage of cell death may be due to apoptosis (13, 18, 21, 40) . Our results also revealed that hyperoxia induced both apoptotic and nonapoptotic cell death in A549 lung epithelial cells, consistent with previous findings by other groups (13, 18, 21, 40) . The prevention of cell death against hyperoxia in lung epithelial cells has been investigated extensively for its potential therapeutic use. Previous reports have demonstrated that growth factors (granulocyte macrophage colony-stimulating factor and keratinocyte growth factor) (28, 30) and antioxidant enzymes (heme oxygenase-1 and superoxide dismutase) (2, 33, 41, 42) have therapeutic effects on oxidative stress-related conditions, including hyperoxic lung injury. One of the important findings in this study was that overexpression of human mtALDH in A549 cells significantly reduced hyperoxia-induced apoptotic and nonapoptotic cell death. Thus it may be valuable to maintain an adequate level of mtALDH in the prevention and treatment of hyperoxic lung injury.
Hyperoxia increases ROS production in lung epithelial cells. The increased ROS level is primarily generated from mitochondria and other oxidases such as NADH oxidase (4, 38, 43) . Increased ROS is extremely toxic, and it causes cell death and lung injury (8) . Reduced ROS by antioxidants after hyperoxic exposure decreases cell death and lung injury (3) . Our data demonstrated that mtALDH overexpression could reduce both intracellular and mitochondria-derived ROS production in lung epithelial cells during hyperoxic exposure. The reduced ROS in mtALDH-A549 cells may delay hyperoxia-induced cell death.
The activation of the ERK/MAPK pathway has been previously reported in lung epithelial cells after hyperoxic exposure. ERK activation in lung epithelial cells has a protective effect in hyperoxia-induced cell death, and it prolongs cell survival (7, 31, 39) . For example, overexpression of 8-oxoguanine DNA glycosylase (hOgg1), a base excision DNA repair protein, protected hyperoxia-induced cell death via activation of ERK in A549 lung epithelial cells (17) . The activation of ERK signaling after hyperoxic exposure has also been reported to increase Nrf2 translocation and antioxidant response element (ARE)-mediated gene expression involved in cellular protection (29) . A recent report has indicated that downregulated phosphatase increases ERK/MAPK phosphorylation and reduces cell death in macrophage after hyperoxic exposure (45) . It is not known whether the activation of ERK/MAPK by hyperoxia in lung epithelial cells is due to downregulation of phosphatase or occurs through other pathways. Our data further confirmed that hyperoxia activated the ERK/MAPK signaling pathway as a result of cellular response to oxidative stress. Additionally, we found that overexpression of mtALDH activated ERK/MAPK cell survival signaling under both normoxic and hyperoxic conditions. Activation of ERK/MAPK signaling by mtALDH attenuated hyperoxia-induced cell death and increased cell survival. When the activation of ERK/ MAPK was inhibited by the MEK1/2 inhibitor U0126, there was increased necrotic cell death in Neo-A549 and mtALDH-A549 cells after hyperoxic exposure. However, the cell death after ERK/MAPK inactivation in mtALDH-A549 cells was significantly lower than in Neo-A549 cells, suggesting that ERK/MAPK activation by mtALDH may have a correlation with the cytoprotective effects and cell survival in lung epithelial cells.
Akt cell survival pathway is implicated in hyperoxia-induced cell death in lung epithelial cells. It has reported that prolonged hyperoxia not only diminishes Akt phosphorylation but also downregulates total Akt protein, which is one of the possible causes in hyperoxia-induced cell death (39) . Our data demonstrate that mtALDH overexpression in A549 lung epithelial cells stimulates Akt activation under normoxic conditions. The activated Akt and total Akt are retained in mtALDH-A549 cells even under the hyperoxic condition. Constitutive expression of the active form of Akt has been shown to increase mouse survival under the hyperoxic condition (1, 20) . Overexpression of growth factors such as keratinocyte growth factor increases Akt kinase activity and inhibits Fas/FasLmediated apoptosis in lung epithelial cells (28, 30) . Most recently, it has been demonstrated that overexpression of Cyr61, a novel stress-related protein, exerts cytoprotection in hyperoxia-induced pulmonary epithelial cell death, an effect in part mediated via the Akt signaling pathway (16) . Our study demonstrated that inhibition of PI3K accelerated cell death in the lung epithelial cells that overexpressed mtALDH, suggesting that PI3K activation is required for the cytoprotective effect of mtALDH in the lung epithelial cells. Because PI3K activation leads to activation of Akt and several other downstream effectors such as PKC-, PKC-␦, and ERK, a more specific Akt inhibitor study is needed to provide conclusive information about the role of Akt in the cytoprotective mechanisms of mtALDH.
In the present study, it is still unclear how mtALDH overexpression activates ERK and Akt cell survival signaling pathways. The mechanisms of ERK and Akt activation by mtALDH might be different from hyperoxia-induced ERK and Akt activations, since ERK and Akt activation by mtALDH overexpression is, before hyperoxic exposure, without significant ROS alteration under our experimental conditions. mtALDH is a key enzyme in ethanol metabolism and involved in detoxification of aldehyde. Aldehyde is a toxic substance, and deficiency of mtALDH would cause accumulation of aldehyde in cells, which would induce oxidative stress and result in protein and lipid dysfunction. Further studies are needed to investigate how mtALDH overexpression activates ERK and Akt in lung epithelial cells.
In summary, mtALDH is downregulated in the neonatal rat lung after prolonged hyperoxic exposure. Overexpression of mtALDH confers lung epithelial cell resistance to hyperoxiainduced cell death. The cytoprotection of mtALDH in lung epithelial cell is mediated through ROS reduction and activation of ERK/MAPK and PI3K-Akt cell survival signaling pathways.
